Abstract Specific vulnerability estimations for groundwater resources are usually geographic information system-based (GIS) methods that establish spatial qualitative indexes which determine the sensitivity to infiltration of surface contaminants, but with little validation of the working hypothesis. On the other hand, lumped parameter models, such as the Residence Time Distribution (RTD), are used to predict temporal water quality changes in drinking water supply, but the lumped parameters do not incorporate the spatial variability of the land cover and use. At the interface between these two approaches, a GIS tool was developed to estimate the lumped parameters from the vulnerability mapping dataset. In this method the temporal evolution of groundwater quality is linked to the vulnerability concept on the basis of equivalent lumped parameters that account for the spatially distributed hydrodynamic characteristics of the overall unsaturated and saturated flow nets feeding the drinking water supply. This vulnerability mapping method can be validated by field observations of water concentrations. A test for atrazine specific vulnerability of the Val d'Orléans karstic aquifer demonstrates the reliability of this approach for groundwater contamination assessment.
Introduction
The main tools for the management and the conservation of groundwater resources consist in characterizing the vulnerability of the aquifer used for drinking water. Intrinsic vulnerability uses physical characteristics as criteria to determine the sensitivity of groundwater to surface pollution. Most intrinsic vulnerability maps are multi-criteria, weighted and index-based, developed by Aller et al. (1987) , Doerfliger et al. (1999) . The specific vulnerability of groundwater incorporates the physico-chemical properties and their relationship with the natural environment as supplementary criteria in the vulnerability index estimation (Vrba and Zaporozec 1994) . These tools enable policies for the development of codes of practice for groundwater protection to be proposed (Escolero et al. 2002) and open up significant opportunities to enhance the efficacy of water vulnerability assessment tools by incorporating indicators and operational measures for social considerations (Plummer et al. 2012) . While the area of use is huge, the index calculation method is limited because the weighting is usually arbitrarily chosen. These approaches are qualitative and highly subject to the hydrogeologist's interpretation (Panagopoulos et al. 2006) .
Borehole vulnerability analysis was developed for drinking water supplying watersheds. This method completes the vulnerability index with the notions of distance, horizontal flow rate and transport to the target (borehole or spring) (Goldscheider and Popescu 2003) . In this framework, two types of vulnerability can be defined: a resource vulnerability which only takes vertical transfer into account, and a borehole vulnerability which incorporates the horizontal transfer into the borehole. The key parameters for the evaluation of specific vulnerability are the residence time of contaminants, their capacity of migration underground and the attenuation process. Some authors (Neukum et al. 2008; Sadek and Abd El-Samie 2001; Bakalowicz 2005) suggested that a high vulnerability is related to a short residence time of the main part of the recharge. From these concepts, Brouyère (2001) relate a potential contamination to the transfer time, concentration level and duration of the phenomenon, plotted along the three axe of the cube. Jeannin et al. (2001) developed a program that relates field observations to concentration level, transfer time and duration. The model assumes an instantaneous release of a conservative contaminant at a given point on the land surface and simulates the resulting breakthrough curves at the outlet of each sub-system by means of the advection -dispersion equation, disregarding retardation and degradation processes (Zwahlen et al. 2003) .
By linking the vulnerability index to physical parameters, the working hypothesis used in vulnerability mapping can be tested. Goldscheider et al. (2001) released different tracers at the land surface and observed the breakthrough at a target (spring), the travel time, the concentration and the tracer recovery rate to validate a vulnerability map. Holman et al. (2005) validated an intrinsic groundwater vulnerability method using a national nitrate database and some co-variance and variance analyses. Neukum et al. (2008) worked on the validation of a vulnerability map based on field investigation and column tracer experiments conducted on soil materials. The authors modelled tracer displacements using the advectiondispersion model and proposed a transit time distribution function of the tracer that depends on the geometric and hydraulic boundary conditions of the aquifer. Lasserre et al. (1999) developed a simple GIS-linked model to describe the groundwater transport of nitrates. For all these methods, developed to validate vulnerability criteria, the aim was to link surface land use with watershed hydrodynamic properties and water quality at the boreholes.
For time series analysis, several studies have applied an impulse response at the watershed scale for solute transport modeling purposes (Jury 1982; Beltman et al. 1994; Barry and Parker 1987; Molénat et al. 1999; Schwientek et al. 2009 ). The method consists in establishing a residence time distribution (RTD) to link pollutants at the surface of the watershed to the contaminant concentrations measured in the borehole. Related to the geometry of the aquifer, Jurgens et al. (2012) proposed six theoretical models, (derived from analytical solutions of the advection -dispersion reaction equation) to fit the impulse response with three lumped parameters. These parameters vary from one study to another, but the ones most widely used are the average residence time, the Peclet number and the rate of degradation. To evaluate groundwater quality trends, Visser et al. (2009) after a comparison between statistical, groundwater dating and deterministic modeling, showed that impulse response methods require little information about the physical system, but rather rely on the available data, which makes them suitable for application to a wide variety of systems.
Linking the spatial properties that determine the vulnerability and the temporal evolution of the water quality is a key point for water resource management. At the watershed scale, some semi-distributed models incorporate the soil surface properties to model water quality with a GIS dataset based on an impulse response, such as the SWAT model (Srinivasan and Arnold 1994) or on a flow model such as Drainmod (Fernandez et al. 2006 ) MACRO (Larsbo and Jarvis 2003) and STICS (Ledoux 2003) . For groundwater quality purposes, the flow paths must be analyzed in 3 dimensions but few tools are available to compute an impulse response from the spatially distributed 3D groundwater properties. This paper proposes a method to calculate a RTD impulse response in aquifers based on spatial datasets used for specific vulnerability assessments. Based on the impulse response, which is characteristic of the watershed, the vulnerability index is defined as the mass ratio between the contaminants that exceeds a fixed threshold at the borehole and the injected mass. A method is proposed to estimate an equivalent residence time, dispersion and attenuation in the aquifers along each flow net. This makes it possible to map the relative vulnerability of each infiltration surface where contaminant application occurs. Spatial vulnerability mapping is validated with GIS using the temporal evolution of the groundwater quality.
The Residence Time Distribution (RTD)
The Residence Time Distribution (RTD) is a probability distribution function that describes the amount of time a fluid element can spend inside the column. After a pulse of mass M , its RTD is defined as:
] is the discharge flowing through the column and
]. C(t) can be obtained by solving the transport equation (Kreft and Zuber 1978) . ] of the contaminant during transport. To assume that the column is open at both ends (Levenspiel 1962; Maloszewski and Zuber 1982) enables to express the RTD as follow:
The contaminant transport through the column is described with only three parameters and no assumption is made on the laminar, turbulent, unsaturated or saturated nature of the flows. Degradation and delay are taken into account with λ and t: If no reaction occurs, t is the same as the average residence time of the water in the column.
RTD for a Column with Multi Layers
For the transport of a pulse, the mean residence time t of the contaminant in the column can be defined either with the C t ð Þ curve or as the ratio between the water flux (u) and the stored water (θ LÞ:
Another important descriptor of the C t ð Þ curve is its variance [T 2 ]:
In decomposing the borehole watershed into n parallel flow nets. This reduces the non-linear three-dimensional problem to a linear one-dimensional one. The water and the contaminant mass which infiltrate the ground enter through the various i layers of the aquifer where the hydro-dispersive properties can vary. They flow through the i layers until the borehole, following the flow nets. For every n flow net, the i layers are considered to be independent columns characterized by the average residence time t n;i and the Peclet number Pe n;i .
For i serial layers, equivalent properties can be calculated. The mean residence time for the n th flow net, where contaminant flows through i serial columns, is:
In 1959, Aris showed that, in the case of an infinite column, the change in the variance (Eq. 4, right side) between two points can be described by the Peclet number or, assuming that dispersivity is the product of the longitudinal dispersion coefficient
Thus, if this relation is extended to i serial columns, the equivalent Peclet number<Pe n >for the n th flow net, can be defined as:
This formulation enables the residence time distribution E n(t) at the output of the n th flow net to be described, using an equivalent average residence time and an equivalent Peclet number.
The mass of contaminant at the borehole is the sum of the mass arriving through the n flow nets. The RTD becomes:
Computation of the Equivalent Lumped Parameters Using GIS

Water and Contaminant Fluxes at the Upper Boundary
The mass of contaminants entering the aquifer is considered to be the mass M [M] flowing under the organic soil zone. Published data on the rate of contaminant seeping under the soil (a) [/] compared to the initial pulverized mass M 0 can be used:
Here, the delay between pulverization and exportation under the roots in the soil is considered to be very small with respect to the average residence time used to describe groundwater flows.
Calculation of Average Residence Times and Peclet Numbers
First, the surface watershed of the borehole is discretized into unitary surfaces. The aquifer volume is divided into an unsaturated zone with vertical flows, and a saturated zone with horizontal flows. The contaminants flow first vertically toward the unsaturated zone, and then horizontally towards the borehole. Based on the groundwater head maps, the flow direction and the flow length (L) was defined for each of the n flow nets of the system. The calculation was carried out with the GIS ARCGIS® toolbox. For the unsaturated zone, the flow length L is simply calculated by the difference between the topographic and water head level. Along each flow net, i columns can be discretized based on the 3D geological dataset. For each flow net n and i column, the equivalent Peclet number and the average residence time can be computed from with the hydrogeological dataset u,⋅α L , ⋅θ and the Eqs. 3 and 6.
The equivalent parameters can be estimated using the GIS tool before being injected into the RTD equation (Eq. 2).
Simulation of Water Quality by Convolution
If we consider the various periods of infiltration as a sum of brief injections of mass M entering the column at time t′, the concentration in the borehole C (t) can be deduced from the RTD:
The history of the dissolved masses injected in the watershed (M ) and the steady state average discharge of water across the borehole (Q) must be implemented.
The Nash-Sutcliffe coefficient (Nash and Sutcliffe 1970) was used to assess the efficiency of the RTD model using equivalent parameters.
Analogy Between RTD, Vulnerability and Risk Indexes
The equivalent RTD for each flow net represents the mass arriving at the borehole for an injected mass equal to 1. Depending on the value of the equivalent parameters, and on the discharge Q n for the n th flow net, the concentrations obtained make it possible to identify flow nets showing concentrations higher than a threshold (LR) represented by the dashed line in Fig. 1 while other flow nets present concentrations below the threshold. The spatialized grid of equivalent parameters locates the surfaces which contribute to the over-concentration Using datasets of M values, the specific risk index (I) is defined as the rate between the mass above the threshold M d (Fig. 1) and the mass flowing under the roots M. (Eq. 9).
The boundaries a and b are defined in Fig. 1 as the intercepts between the C t ð Þ curve and the fixed threshold. So, the specific risk index I is defined as the percentage of the applied contaminant mass which will reach the borehole above a given threshold. If M=1 for the entire watershed and the threshold has a low value, then Eq. 11 becomes an intrinsic vulnerability index.
Study Site and Data
The proposed model was tested on the Val d'Orléans karstic system, which has a wide range of flow velocities. This section presents the dataset required to apply the proposed methodology, and the various existing ways to compile this database.
The Val d'Orléans
The Val d'Orléans is located southeast of Orléans city, in the alluvial plain of the Loire river which corresponds to a depression of the main river bed. The length of this alluvial plain is about 40 km and its maximum width reaches 7 km in its central part (Fig. 2) .
Pedology
Inside the protection zone (Fig. 2a) , clays in soil represent about 0 to 250 g/kg. The sand contents in silt (100 to 250 g/kg) and organic carbon (0 to 10 g/kg) are quite homogeneous (BDAT-GISSOL-INRA 2014) . This database shows a low content of clays and sands in the center and east of the perimeter and higher contents in the west zone. The values range respectively from 0 to 100 g/kg and from 100 to 250 g/kg.
Geology
The geology in this sector results from a major and regular marine sedimentation (transgression and regression phenomena), that started during the Trias and lasted until the beginning of the Tertiary (Eocene). White chalk with flint and detritical formations constitute the base of the geological formations of the Val d'Orléans. In the middle of the Tertiary (Oligocene, Aquitanien), a sedimentation of lacustrine origin formed the limestones of Beauce, interrupted with marly formations. In the second part of the Tertiary (Burdigalien), marls and sands were deposited, before being covered by fluvial (Quaternary) alluviums of the Loire (Auterives et al. 2014) . For this study, only the sedimentary formations of lacustrine origin which began during the Oligocene were of interest because it is the main aquifer. A karstic network developed in the Beauce limestones, generally captive, either under the alluvial formation or under the Burdigalien marls. A probability map of the karstic network was proposed by Auterives et al. 2014 .
This karstic network is supplied by surface water coming from the Loire river which infiltrates at point sources (Albéric 2004) in the area of Jargeau (Fig. 2a) and by diffuse infiltration through the alluvial plain located mainly in the river bed. Some of these karstic conduits outflow downstream the Val d'Orléans where springs contribute to the establishment of the Loiret river (Lepiller 2006) . Three drinking water boreholes are located within or close to the karstic network (Fig. 2a) . Based on the water quality data (isotopes and major elements) of the Loire water, the local surface waters and the Loiret spring waters, Joigneaux (2011) revealed that 80 % of the Loiret spring waters are composed of Loire water, the remainder being local surface waters. Mixing is controlled by the hydrological conditions of the Loire river.
The groundwater vulnerability to diffuse agricultural pollution was estimated in the protection zone of the three boreholes (Fig. 2a) . 
Water Flux and Contaminants below the Root Zone
The discharge values Q arise from the hydrological balance. This assessment was made by various authors such as Chéry (1983) , Livrozet (1984) , Lepiller (2006) , Lelong and Jojza (2008) , Gutierrez and Binet (2010) . Three different flow values were considered according to three hydrological scenarios. These three scenarios represent the minimal, maximal and average flows that transit through the system. The minimal flow can be estimated from the lowest contribution of the flow from the Loire river and the lowest contribution of impluvium in the total hydrological balance assessment. The minimal value of the contribution of the river Loire loss was estimated at 5 m 3 /s (Martin and Noyer 2003; Gutierrez and Binet 2010) , whereas the lowest flow from the impluvium calculated by MACRO (Larsbo and Jarvis 2003) and calibrated for the Val d'Orleans is 0.100 m/year (Footways/Géo-Hyd 2013) . Thus, the minimal contribution in water supplied to the system was estimated at 186. The localization of the maize crops was mapped in 2010 and was assumed to be constant through time (Fig. 2a) . The atrazine masses injected during more than 40 years were estimated from the history of agricultural practices recorded in various ways, such as questionnaires collected by agricultural associations. Atrazine was applied by spraying, generally made once a year, in April. The quantities of atrazine applied decreased over time, (2.5 kg/ha/year in the 70th, 1.5 in the 80th, 1 between 1991 and 1998, 0.75 in 1999 and 2000 and 0.5 between 2000 and 2003) due to increasing constraints on the use of this herbicide, until it was banned in 2003. Some studies show that pesticides such as atrazine can have an export percentage up to 4 to 207 5 % (Flury 1996) . Naturally, these ranges of values vary according to the geo-hydromorphological context of the site, but are mostly between 0.1 and 3 % (Wauchope 1978; Flury 1996; Voltz and Louchart 2001) .
Field Data for RTD Estimation
Establishing the RTD requires data concerning the hydrodynamic characteristics of the aquifer (Table 1) . Each hydrodynamic parameter is attributed to each surface of the grid area (250 m by 250 m, Fig. 2a) . (1992) , Binet et al. (2015) The hydrodynamic characteristics of the unsaturated zone (UZ) were attributed according to the lithology of the four profiles already defined (sand (SD), sand and limestone (SD/LM), sand and clay (SD/CL) and clay and sand (CL/SD)). In the saturated zone (Table 1) , 2000 borehole logs were analysed. Alluvium, limestone and karstified limestones were observed in the area (Auterives et al. 2014) . In a saturated context, the water content is equal to the porosity.
Atrazine in Groundwater
Estimating the specific vulnerability requires knowledge of the specific behaviour of the studied contaminants. For atrazine degradation rate is known to be 0.4 [month −1 ]
(IUPAC 2013) and rate of infiltration (a) was estimated at about 0.05 (Kladivko et al. 1991) .
Parametric Tests on the BVal d'orléans^Dataset
Uncertainty on the parameterization was explored by calculating various RTDs to assess the impact of parameterization on the results. Before estimating the vulnerability mapping with the RTD model, various parameter values were tested to observe the variability of the RTD. Here, three tests concerning the unsaturated zone (UZ) are presented, as this uncertainty accounts for the strongest error source in the calculation. The parametric tests presented will focus on the UZ profiles spatialisation. Three models are presented in the Results section:
1. RTD_T1: For this scenario, it was considered that the UZ consisted of only one filtering facies of sand (Profile SD) and no vertical karstic conduits. 2. RTD_T2: This configuration corresponds to the results of the spatial analysis of the UZ profiles (best fit). 3. RTD_T3: This scenario uses the same hydrodynamic characteristics as T1 but adds 34 vertical karstic conduits, positioned according to the karstic network and a database cavity, assuming that not all the vertical conduits are necessarily known.
Results
Equivalent Peclet Numbers and Average Residence Times
The spatial distributions of the hydrodynamic parameters used for the calculation of the equivalent parameters and the intermediate calculations for RTD are presented in Fig. 2b . The data concern the four types of profiles (Table 1 ) and the limestone karst aquifer layer in the saturated zone. The alluvium aquifer located above the limestone aquifer is not shown in Fig. 2b but was nevertheless taken into account in the calculation of the equivalent parameters. The Fig. 2b and c shows the spatialized values ( u,⋅ L,⋅ θ,⋅ and ⋅ L ) from the UZ and SZ layers. The second column gives the equivalent parameters (average residence times and equivalent Peclet numbers) for the n flow nets starting from the n grid cells and determined by Eqs. 5 and 7.
RTD Calculations
The time discretization unit selected for contaminant transport was 1 month. This is consistent with the assumption of steady-state conditions for the hydrology. Figure 2d shows the residence time distribution calculated from Eq. 5. The three scenarios illustrate the variability of the results when parameters are varied in the unsaturated zone. The parameters described in Table 1 correspond to the RTD_2 scenario. In this highly karstified area, the residence times are short, less than 12 months, and the average residence time is about 2-4 months. The two extreme cases (Fig. 3) show that the intensity of the concentration peak can be twice as high in a karstic system compared to sand. Figure 4 shows the concentration at the water borehole calculated by the RTD model. The average flow reproduces the maximum groundwater concentrations in atrazine at the borehole. The Nash-Sutcliffe coefficient was determined for the period 1990 to 2005. The value reaches 0.70.
Concentration Calculated at the Water Borehole by the RTD Model
Vulnerability and Risk Mapping
A vulnerability map can be computed with Eq. 11, considering that each flow net receives a contaminant mass M=1. The threshold (LR) is fixed to 0.1 μg/L. Combining the vulnerability map with the Maize crops map (Fig. 2a) gives a risk map (Fig. 2e) for atrazine in the watershed. Compared to traditional vulnerability mapping, this approach adds the notion of 
Discussion
The Nash-Sutcliffe coefficient suggests that the implementation of the equations, the parameterization and the strong hypothesis proposed in the RTD model seem acceptable for a risk assessment approach.
Concerning the mass of Atrazine applied on the field, the survey and the coefficient used to evaluate the loss in organic soil give results in terms of water concentration at the borehole in the same order of magnitude as the concentrations observed. The range of uncertainty on the discharge (Q) and on Atrazine input (M) means that one can compensate the other, and with the given data, it is difficult to determine where the greatest source of error in our calculation lies. The uncertainty on the vertical conduit location is a key parameter for a relevant vulnerability assessment.
The range of equivalent Peclet numbers and average residence times found for this aquifer is wide. That is why a karst system was chosen to test this model.
The hydrology was assumed to be steady state. Although many authors point out that water exchange between conduits and the surrounding rock drives the water quality at the karstic outlet (Charmoille et al. 2009 ), this strong hypothesis was made for large time steps, such as months or years. In these conditions, it is preferable to describe the average behaviour of the system, which is easier to use for risk assessment. High or low water stages can be estimated from the extreme discharge values (Fig. 3) .
Concerning the contaminant transport, the progressive decrease in atrazine concentration observed at the borehole is correctly described by the model and corresponds to the decrease in the quantites of atrazine applied to the maize crops (Table 1) . The apparently erratic distribution of the atrazine concentrations observed is explained by the pulses of atrazine occurring 2 or 3 months after the injection periods. These results help to rationalize sampling campaigns and to ensure a better management of water resources. No storage was observed and advective flow control was observed in this highly transitive system. However, a temporal shift of a few weeks (X axis) can be observed. The calculated concentrations appear before the observed ones. We hypothesize that the origin of this phenomenon is the uncertainty concerning the exact period of application. In our case, atrazine application was considered to occur once a year, in April, but in reality applications may have varied depending on the weather conditions. The RTD model, based on literature datasets, made it possible to estimate a specific vulnerability, which can then be validated by field data. Figure 2e can be validated by time series of contaminants observed in the water supply. There is no single solution that can fit the concentration time series at the borehole. While many spatial distributions can lead to the same lumped parameters, the advantage of the proposed approach is that it can test whether the working hypotheses are sustainable. This is an improvement over the usual method of vulnerability and risk assessment, and avoids the use of numerical groundwater flow models that are generally over-parametrized.
Conclusions
The specific vulnerability index locates the potential source of groundwater quality deterioration, but most assessment methods are qualitative. The Residence Time Distribution model can address temporal and transient aspects of contaminant spreading and represent them in a semiquantitative manner. Such an approach makes it possible to establish a spatial risk or vulnerability indexes validated by water quality changes at the borehole. The dataset used in this method is commonly found in vulnerability studies. By using equivalent parameters to take the characteristics of each layer into consideration, the spatial complexity of the watershed can be reduced to an impulse response. The method based on the probability distribution of residence times is a semi-objective method that can help groundwater managers and decisionmakers based on a physical approach to vulnerability assessment. The risk mapped with this methodology gives the opportunity to test the efficiency of land practice scenarios on the quality of the groundwater catchments.
